Aim: To optimize formulation methods for loading gemcitabine (GEM), the main drug against pancreatic cancer, into albumin nanoparticles for extended blood circulation and improved efficacy. Methods: GEM was loaded into two sizes of disolvation-crosslinked bovine serum albumin nanoparticles, with a mean diameter of 109.7 nm and 405.6 nm, respectively, by co-precipitation (the direct method) and follow-up adsorption (the indirect method). The antitumor activities of the two nanoparticulate formulations, were evaluated according to their anti-proliferative effects on the human pancreatic cell line BXPC-3, which were assessed using the MTT assay. Results: The two nanoparticulate formulations, created by direct co-precipitation and indirect adsorption, possessed smooth surfaces and high drug loading efficiencies, 83% and 93% at 11% and 13% drug loading, respectively. The two formulations released GEM for 8 and 12 h, respectively, and significantly improved anti-BXPC-3 proliferation effects, as compared with the GEM solution and the drugfree albumin particles. Conclusion: Co-precipitating and adsorbing GEM into albumin particles resulted in sustained-release nanoparticulate formulations with improved antitumor cytotoxicity. The result suggests that this is a useful formulation strategy for improving the antitumor efficacy of GEM.
Introduction
Pancreatic cancer is a serious malignant tumor with poor prognosis. Worldwide, approximately 200 000 patients die of pancreatic cancer every year, and the death rate nearly equals the incidence. The 5-year survival is not more than 3%−5% [1, 2] . Chemotherapy is an important method of combined therapy for pancreatic cancer [3, 4] , but the therapeutic effect is poor. Gemcitabine (2',2'-difluoro-2'-deoxycytidine, GEM) is the main chemotherapeutic agent in the treatment of pancreatic cancer and non-small-cell lung cancer, which targets specific stages of the cell cycle. Compared with classic 5-FU, GEM has significant clinical benefit (clinical benefit response: 23.8% of GEM -treated patients vs 4.8% of 5-FU-treated patients, P=0.0022) [5] . However, because of its small molecular weight and high hydrophilicity, GEM has a short plasma half-life (17 min) and is decomposed to inactive products quickly after administration. At the standard intravenous infusion dose of 1000 mg/m 2 , a patient's plasma GEM concentration drops to only 0.4 μg/mL 1 h after administration, considerably below the 5 μg/mL optimal plasma concentration for cancer cell inhibition [6] . Thus, much larger doses are necessary to reach effective plasma concentrations, posing a greater risk of side effects.
Nanospheres-spherical nanoparticles with a mean diameter of 10-1000 nm-are widely used as carriers in drugdelivery systems in clinical applications [7] [8] [9] . However, there are no published studies on GEM-loaded serum albumin nanospheres. Albumin is a safe, nontoxic, biocompatible, and biodegradable water-soluble protein present in human plasma [10] [11] [12] . No problems with hemolysis or immunogenicity have been associated with albumin, in contrast to artificial npg materials such as polycaprolactone, polycyanoacrylate, or polybutylcyanoacrylate [13] [14] [15] [16] [17] [18] [19] . Although these compounds are also biodegradable, their safety following intravenous injection has not been confirmed. Bovine serum albumin (BSA) and human serum albumin (HSA) have 80% sequence homology. The difference in their molecular weights is <1%, and they have the same isoelectric point [10] [11] [12] . For these reasons, we substituted BSA for HSA in the study of GEM-loaded albumin nanospheres.
GEM-loaded albumin nanospheres have many potential chemotherapeutic advantages for the treatment of tumors, including pancreatic cancer: slow release of GEM, deposition of GEM-loaded albumin nanospheres in tissues, an enhanced targeting effect to primary or metastatic tumors, reduced toxicity to normal tissues owing to enhanced permeability and retention (EPR) effects [20] [21] [22] [23] in tumor microcirculation, and high permeability in blood sinuses of liver and spleen. Tumor cells, hepatic Kupffer cells, and cells of the mononuclear phagocyte system have higher phagocytotic rates for uptake of nanoparticles than cells of other tissues, thus increasing the distribution of GEM in tumors, the liver, and spleen [24] . In addition, the lymphatic system is prone to absorb albumin, thus enhancing the drug's potency in the lymph nodes and lymphangiomas, with the added benefit of preventing lymphatic metastasis. Taken together, these factors account for the potential that GEM-loaded albumin nanospheres have fewer side effects and require lower drug doses.
Investigators have used a variety of techniques to prepare albumin nanoparticles, including the hyper-borderline method, the desolvation-crosslinking method (sedimentationcrosslinking), and the desolvation-heating method [25, 26] . Desolvation-crosslinking is simple and yields particles with welldistributed particle diameters.
The maximum sizes of permeation particles in the microvasculature or blood sinusoids are 400-600 nm in tumor tissues, 50 nm in normal tissues, and 500 nm in the liver or spleen [27] [28] [29] [30] . Phagocytosis of nanoparticles by tumor cells or cells of the mononuclear phagocyte system is poor for particles with diameters <200 nm, but rapidly increases for particles with diameters ﹥200 nm [31] . Accordingly, in this study, two sizes of GEM-loaded BSA nanospheres were prepared: 50-200 nm (mean diameter: 110 nm) and 200-600 nm (mean diameter: 406 nm).
Materials and methods

Materials
Gemcitabine (hydrochloride) was purchased from Hansen Pharmaceutical Co, Ltd (Jiangsu, China), BSA was from Bo'ao Biological Technology Co, Ltd (Shanghai, China), RPMI1640 and DMSO were from GIBCO Laboratories (USA), and MTT and trypsin were from Sigma Chemical Co (USA). Glutaraldehyde, NaOH, dehydrated alcohol, and double-distilled water were used. All the chemicals were of at least analytical grade.
Quantitative evaluation of gemcitabine
The purity and concentration of GEM were determined by high-performance liquid chromatography (HPLC), with a high-performance liquid chromatograph (10A, Shimadzu, Japan), a CLASSVP workstation (Shimadzu, Japan), and a Diamond C18 (5 μm, ID 4.6 mm×300 mm, USA) chromatographic column. The mobile phase was 0.05 mol/L ammonium acetate buffer and methanol (pH 5.7, 90:10, v/v) at a flow rate of 1 mL/ min. The procedure was carried out at room temperature.
Absorbance at 269 nm was measured. The calibration curve of GEM absorbance (A) vs concentration (C) was A=35872C (0.1135 μg/mL-5.675 μg/mL, r=0.9999). The lower limit of quantitation was 11.35 ng/mL. Sensitivity and precision were satisfactory.
Preparation of gemcitabine-loaded albumin nanospheres GEM-loaded BSA nanospheres (GEM-NSP) were prepared using a modified desolvation-crosslinking method [25, 26] . The modified method was optimized initially during formulation parameter selection and formulation optimization (Tables 1,  2) , with a number of important related factors being investigated, such as the concentrations of the albumin, GEM, ethanol and glutaraldehyde, drug-loading methods, and crosslinking time. During the formulation parameter selection and formulation optimization, the yield of nanospheres was calculated as follows: yield of nanospheres=(weight of BSA in the nanospheres/total weight of administered BSA)×100%.
The modified method included five main procedures.
(1) Direct drug-loading: Briefly, 10 mL of aqueous BSA (2%-2.5%, w/v) was incubated with 17-22 mg of GEM at room temperature. The pH was adjusted to 8.0-9.0 with NaOH (1 mol/L). Dehydrated ethanol (25-40 mL) was subsequently added drop-wise into the mixture at a rate of 1 mL/min under magnetic stirring (1000 r/min, magnetic stirrer, Sile, Shanghai, China). (2) Indirect drug-adsorption: when the mixture achieved a blue opalescence, 1.7-2.2 mL of aqueous GEM (10 mg/mL, pH adjusted to 8.5 with 1 mol/L NaOH) was added under magnetic stirring. After another 30 min of continued magnetic stirring, glutaraldehyde was added (acid molar ratio of glutaraldehyde and albumin: 1-3:1) into the mixture. 
Characterization of GEM-NSPs
The size and zeta potential of the nanospheres were detected by Nicomp TM 380/ZLS electric potential/particle diameter radiometry (Nicomp, USA). Nanospheres were dispersed in isotonic NaCl (1 mg/mL) and examined at 25 °C at a lightscattering angle of 90°. The mean particle size was determined in a condition of scattering intensity as intensity weight. The zeta potential was detected in a 10 V electric field.
The GEM concentration in the supernatant after centrifugation (the fourth procedure in the preparation of nanospheres) was detected by HPLC. The drug encapsulation [32, 33] rate of GEM-NSP was equal to (total GEM-GEM in the supernatant)/ total GEM×100%.
Drug loading of GEM-NSP=(weight of GEM in nanospheres/total weight of nanospheres)×100%. Some quantitative nanospheres were transferred into a 10-mL graduated flask, with purified water added as needed. The suspension was then processed with a JY92-IIN ultrasonic cell disrupter (Ningbo Scientz Biotechnology Co, Ltd, Ningbo, China) for 30 min, and was filtered through a 0.22-μm membrane. The GEM content in the suspension was then detected by HPLC in order to calculate the weight of GEM in the nanospheres and total weight of the nanospheres [32, 33] . The nanosphere suspension was added dropwise onto copper grids, which were then dried at room temperature. Transmission electron micrographs of the nanospheres were acquired with an electron microscope (Hitachi H-600, Japan).
In vitro drug release assay One milliliter of 1 mg/mL GEM-NSP was sealed in a dialysis bag and immersed in 49 mL of PBS containing 10% (v/v) fetal bovine serum (FBS) at 37 °C with a shaking rate of 100 r/min. A sample (0.5 mL each) was withdrawn from the medium at designated time intervals and the same volume of fresh medium was added. Each sample was mixed with 1.5 mL of acetonitrile, vortexed for 3 min, and centrifuged, and the supernatant was assayed by HPLC.
Cytotoxicity assay BXPC-3, an ATCC human pancreatic cancer cell line, was purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). The cells were cultured in RPMI 1640 supplemented with 10% fetal calf serum, 50 U penicillin/ mL, and 50 μg streptomycin/mL in a humidified atmosphere with 95% O 2 and 5% CO 2 at 37 °C.
The anti-proliferative effects of pure GEM, 110 nm-GEMNSPs, 406 nm-GEM-NSPs, and blank NSPs on BXPC-3 cells were detected by the 3-[4,5-dimethylthiazol-2-yl]-3,5-diphenyl tetrazolium bromide (MTT) test. A blank control group without medication was also used. Exponentially growing cells were seeded into 96-well plates and pre-incubated for 24 h.
A series of dosages of GEM or GEM-NSPs (containing 0.01, 0.1, 1, 10, and 50 µg/mL of GEM) were added to the cells in the culture medium. Five duplicate wells were used in each set. After 48 and 72 h at 37 °C, 200 μL of MTT (5 mg/mL) was added into each well. The wells were incubated for 4 h, after which the culture medium was removed and the resultant formazan crystals were dissolved in 150 μL extraction solution (DMSO) with shaking for 10 min. The optical density (OD) was measured at 490 nm using a microplate reader (ELx800, BioTek, USA). The inhibitory rate was equal to (1-OD of medication administration group/OD of control group)×100%. The IC 50 was calculated with the bliss method [34] .
Statistical analysis
Data are presented as mean±standard deviation. Statistical analysis was performed using one-way analysis of variance (ANOVA) with SPSS 11.5. P<0.05 was considered significant.
Results
Factors influencing the preparation of GEM-NSPs
During the formulation parameter selection and formulation optimization of GEM-loaded BSA nanospheres (GEM-NSP), a number of factors were investigated (Table 1 , 2). The initial formulation parameter selection with blank BSA nanospheres indicated that pH and dosage of ethanol significantly influenced preparation of the nanospheres. At pH<8, it was difficult to form albumin nanospheres; at pH 8, nanospheres were reproducibly obtained. With increasing pH, the mean diameter of the nanospheres decreased gradually. A comparison of pH values (6.0, 7.0, 8.0, 9.0, 10.0) showed that pH 8.0-9.0 was optimal. When the ratio of ethanol to 2% BSA (v:v) was greater or equal to 2.5, the yield of nanospheres was greater or equal to 80%; however, with an increasing ratio of ethanol to BSA, the mean diameter of the nanospheres increased significantly (Table 1) .
GEM loading method selection indicated that nanospheres prepared by combined methods, including direct drug-loading and indirect drug-adsorption, had the best encapsulation rate, drug loading rate, and release time. Single-factor investigation indicated that particle sizes increased gradually with increasing concentrations of albumin or GEM (Table 1) .
After the formulation parameter selection and formulation optimization, a modified desolvation-crosslinking method with optimized formulations for 110 nm and 406 nm GEMNSPs was chosen ( Table 2) .
Characterization of GEM-NSPs
Two sizes of GEM-NSPs with smooth surfaces, good dispersion, and relatively uniform size distributions were obtained. Mean diameters were 109.7±2.2 nm (generally ranging from 50 to 200 nm) and 405.6±3.5 nm (generally ranging from 200 to 600 nm, not exceeding 1000 nm). Drug loadings were 11.25% and 13.40%; drug encapsulation rates were 82.92% and 92.56%, respectively. These parameters were somewhat higher than in other kinds of drug-loaded nanoparticles prepared analogously [13] [14] [15] [16] [17] [18] [19] . Zeta potentials were -24.4 and -15.6 mV, respec- Figure 1 ).
tions of the particles. Moreover, the drug area in the particle center could be seen in some particles of the 406 nm-GEMNSPs (Figure 2 ).
In vitro drug-release characteristics of GEM-NSPs
The in vitro drug-release curves for the two types of GEMNSPs are shown in Figure 3 . Burst release occurred for 30 min after administration; then the release gradually became slower. The slow release times were about 8 h (for 110 nm-GEM-NSPs) and 12 h (for 406 nm-GEM-NSPs). The rates of burst release in 30 min were 23.25%±3.05% and 19.13%±2.29%, respectively ( Figure 3 ). The freeze-dried powder of GEM-NSPs was white and fluffy, whereas that of 406 nm-GEM-NSPs was slightly yellow. Preparation of 110 nm-GEM-NSPs in an aqueous solution yielded a suspension of relative clarity. Transmission electron micrographs of the nanospheres confirmed the smooth surfaces, good dispersion, and moderately uniform size distribu- 
Cytotoxicity of GEM-NSPs on BXPC-3 cells in vitro
The cytotoxicity of 110 nm-GEM-NSPs and 406 nm-GEMNSPs on BXPC-3 cells 48 and 72 h after administration was detected by the MTT assay (Figure 4) . The inhibition rateadministered concentration profiles of 406 nm-GEM-NSPs, 110 nm-GEM-NSPs, and GEM were all higher than those of NSPs alone (P<0.05). The inhibition rate of blank NSPs was about 20% with good cell morphology, without obvious correlation with time or concentration, which indicated that NSPs had good biocompatibility, without obvious cytotoxicity (grade 1-2), according to the United States Pharmacopeia (USP 28 ) [35] . At 0.01 µg/mL of GEM, the inhibition rates of 406 nm-GEM-NSPs and 110 nm-GEM-NSPs were higher than that of GEM (48 h: 47.88%±1.53% vs 32.99%±0.74% vs 23.99%±1.94%, P<0.05; 72 h: 61.23%±1.43% vs 55.25%±2.07% vs 49.83%±2.53%, P<0.05). At 0.1−10 µg/mL, the differences among inhibition rates of 406 nm-GEM-NSPs, 110 nm-GEM-NSPs and GEM were not significant (P>0.05). At 50 µg/mL, the inhibition rate of 406 nm-GEM-NSPs was higher than those of the 110 nm-GEM-NSPs and GEM alone (P<0.05).
The IC 50 values (bliss method) of the GEM-NSPs and GEM are shown in Table 3 , which indicates that the IC 50 values of 406 nm-and 110 nm-GEM-NSPs were lower than that of GEM.
Discussion
The aim of this study was to prepare gemcitabine-loaded albumin nanospheres and to investigate their physical characteristics and cytotoxicity. An important feature of the method in this study was that the molecular structure of GEM remained unchanged, as compared with other GEM-loaded particledelivery systems, in which the particles were prepared with GEM precursors, derivatives, or other modified structures [36] [37] [38] [39] . Although such changes might improve GEM loading or stability, and might even maintain the drug's cytotoxicity, these modified products introduced new chemical compounds, and their pharmacodynamics, pharmacokinetics, safety, and clinical effects must be re-evaluated. In our study, with the www.nature.com/aps Li JM et al Acta Pharmacologica Sinica npg molecular structure of GEM unchanged, high drug loading and improved stability of the GEM-NSP were achieved. pH is important for the maintenance of the structure and characteristics of albumin. At pH<8, the structure of albumin is "N", whereas at pH≥8, it is "F". Albumin at "F" has an augmented viscosity and decreased dissolvability [40] , which facilitate its preparation into nanospheres. As the amount of ethanol is increased, albumin became sufficiently denatured, and the particle diameters and the yield of nanospheres increased [41, 42] . The main drug-loading methods of albumin nanoparticles are direct drug-loading and indirect drug-adsorption [25, 26] . In direct drug-loading, albumin is prepared and the drug is mixed into the liquor; then an organic solvent is added dropwise, with drug-loading occurring during albumin sedimentation. In drug adsorption, blank albumin nanoparticles are prepared and then added to a solution of the drug under stirring to promote adsorption. Both methods have advantages and disadvantages, as shown by the GEM loading method selection (Table 1) . In this study, we combine both techniques, with 50% of the GEM loaded directly and 50% indirectly. This approach, albeit complicated, had a favorable encapsulation rate, drug loading percentage and release time.
In the characterization of GEM-NSPs, the drug loadings and drug encapsulation rates reached relatively high levels with good particle size control and cytotoxicity, as compared with other drug-loading nanoparticles. The time for slow release of GEM from GEM-NSPs observed in this study was not longer than 12 h, probably because of GEM high water solubility, as reported previously [13] [14] [15] [16] [17] [18] [19] . However, since pure GEM is rapidly metabolized, prolongation of the release time of GEM by GEM-NSPs represents an improvement. The water solubility of GEM can be reduced by molecular modifica tion [18, 19, [36] [37] [38] [39] , such as modification with hydrophobic stearo-chains, aminoacids, or pteroylglutamic acid. Although these strategies would likely improve drug loading and slow release, the pharmacodynamic action of GEM derivates, ie, new molecules, would require an overall re-evaluation. Therefore, in the present study, we abandoned GEM modification strategies and successfully prepared GEM-NSPs with better effects.
The MTT assay demonstrated that there was no pharmacodynamic loss of GEM during the preparation of GEM-NSPs; both GEM-NSPs, as well as GEM, had a significant inhibition effect against BXPC-3 cells, and blank NSPs had good biocompatibility, without obvious cytotoxicity. It is well known that GEM is highly water-soluble and needs specific transport proteins to transfer it into cancer cells; in the cells, GEM is metabolized by enzymes such as deoxycytidine kinase and deoxycytidine deaminase [6, 43] . However, GEM-NSPs, particularly particles with diameters ﹥200 nm, could be phagocytized by cancer cells [31] and have slow release features, which might cause the differences among the cytotoxicities of 406 nm-, 110 nm-GEM-NSPs and GEM at 0.01 and 50 µg/mL. However, the advantages of the slow-release and anticancer effects of GEM-NSPs in vivo need further evaulation, because the cells cultured in vitro were in a closed system, different from the internal environment in the human body.
Chemotherapeutics loaded in nanoparticles thus far include doxorubicin, camptothecin, and fluorouracil [14, [44] [45] [46] . This is the first published study on GEM-loaded albumin nanospheres. GEM-NSPs have the potential to be used to treat many kinds of tumors, such as pancreatic and non-small-cell lung cancers. Further improvements are necessary for the GEM-NSP system, such as prolonging the drug release time and enhancing the drug-loading rate, before the system meets clinical requirements. These challenges are the subject of our ongoing experiments.
